Variations in endotoxin sensitivity
It is a matter of common clinical observation in intensive-care units that patients who experience shock induced by bacterial endotoxin fall into two main groups: those who are highly sensitive and die rapidly; and those who appear to be less sensitive and who survive for at least several days. What exactly determines the outcome is a matter of conjecture. It may rest on some specific factor, such as amount of absorbed endotoxin or circulating antibody, or may be based on as yet undefined, nonspecific factors. Nevertheless, it is important to try to define the basis in order to develop rational therapy. Therefore, it is worth considering what may be gleaned from observations in animals on endotoxin sensitivity so that the critical mechanisms might be deduced and appropriate observations made in patients. Endotoxin upsets many mechanisms and cascade systems and the critical ones may be hard to pinpoint. Those preliminaries (table) which modulate endotoxin sensitivity in animals may afford clues to the dominant mechanisms and suggest further observations in man.
Influence of previously established infective processes
In 1961 Suter and Kirsanow' exploited observations made in several species to develop a model whereby mice could be made 1000 to 500 000 times more sensitive to endotoxin by the previous settingup of a widespread infection with attenuated mycobacteria of Bacille Calmette Gukrin (BCG). They cited bacterial, viral and protozoal infections in a number of species, including man, in which the host thereby had been sensitised to endotoxin. These included infections with Vibrio cholerae in rabbits ; Mycobacterium tuberculosis in mice and guinea-pigs ; Eperythrozoon coccoides in mice ; Salmonella typhi in man; hepatitis virus in mice; and variola vaccine in rabbits. The deduction is that there is something common to the inflammation in each infection that sensitises the animal to endotoxin.
In the Suter-Kirsanow model, the liver and spleen contain greatly increased numbers of stimulated macrophages within miliary granulomata. The potential products of these cells must be regarded as important. In addition to producing oxygen free radicals, they are, of course, likely to be the source of cytokines, the output of which would be greatly accentuated after endotoxin.
Thus, sensitisation to endotoxin has been noted in several species in which the host has an infection, J. M. STARK AND S. K. JACKSON often of a non-endotoxic type. The fact that such infections may non-specifically influence sensitisation suggests that this is an appropriate item for study, as it appears to be a natural and general process.
Sanarelli-Shwartzman reactions
Sensitisation to endotoxin may not only be brought about by infection with live organisms but also may be set up by previous experience of endotoxin itself within a limited interval beforehand. In these classical reactions in the rabbit (described by Sanarelli2 and Shwartzman3), after an initial local or systemic "sensitising" dose, local or generalised reactions, respectively, take place when, 24 h later, the intravenous "provoking" endotoxin dose is given.
Role of cytokines in Shwartzman-type reactions and endotoxic states
The most remarkable "sensitising" and "provoking" reactions of the Shwartzman type are those in which cytokines have been used. In rabbits interleukin I and tumour-necrosis factor (TNF) together may sensitise to endotoxin4 or, alternatively, endotoxin may sensitise to the subsequent use of TNF.
In mice, endotoxin may be given first, locally, as sensitiser and the skin will react to the administration of TNF 24 h later.' Interferon-y may contribute to these reactions, because antibody against it will prevent local and general effects of endotoxin in mice.6 In the infective crisis of meningococcal endotoxaemia with purpuric manifestations, high concentrations of TNF and interferon-y have been found in the blood~tream.~ It would appear, therefore, that endotoxin sensi-tivity is related to the ability to produce and release increased amounts of cytokines during an infection and that this ability is common to the various sensitising infected states mentioned above. BCG infection is known to lead to the production of TNF and interferon-?.* The evidence suggests that cytokines produced in these states will induce hypersensitivity to endotoxin in the host and, thus, that they are central to the development of endotoxin sensi tivity .
Increased pro-oxidant load-the endogenous load of pregnancy
Pregnancy may substitute for the sensitising stimulus in rabbits' and rats" so that in these species only one stimulus is required to induce the generalised Shwartzman reaction (GSR) in the pregnant animal. This begs the question of what is the exact basis of the contribution of pregnancy to the endotoxic hypersensitivity. Some clues may be derived from the experiments of Stamler' who found that, in rats, the characteristic lesions of GSR, particularly bilateral renal-cortical necrosis, could be brought about in pregnancy by a vitamin E-deficient diet but, remarkably, without the need for administered endotoxin. Vitamin E is an antioxidant vitamin functioning in lipid environments ; the synergic pathogenic effect of vitamin-E deficiency and pregnancy implies that the metabolic effects of pregnancy are pro-oxidant.
Increased pro-oxidan t load-exogenous contribution of peroxidised oil
and his colleagues showed that peroxidised oil given to pregnant animals may also induce GSR. The modified oil readily decomposes via free-radical Further experiments of MacKay 291 reactions to produce lipid peroxidation in the host tissues, i.e., its derivatives set up the autocatalytic peroxidising chain reaction characteristic of lipid peroxidation. The results of the experiment suggest that the normal homeostatic control of peroxidation has been overwhelmed by the additional oxidising load-this time of external origin-superimposed on the pro-oxidant stress of pregnancy.
Oxidative stress
Therefore, oxidative stress would seem to qualify as an important contributor to the development of the endotoxic crisis. In the light of the now developed knowledge of phagocytic free-radical production, l 4 recent evidence is consistent with this
In a model comparable to that of Suter and Kirsanow, Arthur et aZ.17 used killed Corynebacteriumparvum to sensitise rats to the toxic effects of endotoxin on the liver. This pre-treatment increases (as does live BCG) the number of phagocytes, particularly in the liver and spleen. The authors believed that endotoxin enhanced the state of activation of hepatic macrophages, already partially activated by C. parvum and that reactive oxygen intermediates promoted liver injury. Their subsequent research' supported this conclusion and showed that anti-oxidants, such as superoxide dismutase or allopurinol, reduced the toxicity of endotoxin.
Ethane, a by-product of lipid peroxidation, has been detected and measured in the air exhaled by mice poisoned by endot~xin.'~ This is plain evidence of the peroxidation taking place in life and indicates that, in this experiment, the increased malonaldehyde (another by-product of lipid peroxidation) found in the tissues is not an artefact developing post mortem.
We have found that endotoxin administration led to increases in anti-oxidant production in the liver and spleen of BCG-infected mice.20921 The macrophages from these animals were shown in vitro to produce free radicals after stimulation with endotoxin. 22 Other workers23 have also confirmed that endotoxin induces anti-oxidants in lung and liver and that a consequence of exposure to endotoxin is lipid peroxidation, particularly in smooth muscle.24
Altered phospholipid composition in sensitised animals
We have found that BCG infection in mice affects the fatty-acid composition of phospholipids in peritoneal macrophages and liver cells.25 In particular, the ratio of polyunsaturated to saturated fatty acids was significantly increased, this being due mainly to increased incorporation of arachidonic acid into phospholipids.
Our results implied that BCG infection stimulated increased activity of acyl transferases. Factors influencing the control of membrane-phospholipid fatty-acid incorporation could have important regulatory functions for the response of phagocytes to stimuli such as endotoxin. Similar results have been obtained in lymphocytes and thymocytes from rabbits, and a correlation with increased membrane fluidity during lymphocyte stimulation has been suggested. 26 Incorporation of unsaturated fatty acids, particularly arachidonic acid, into macrophage phospholipids may have effects on cellular phagocytic activity. It has been suggested that arachidonic acid released from membrane phospholipids in response to stimulation may have a role in the activation of the superoxide-generating system of these cells. 27 Arachidonic acid may influence phagocyte function by directly stimulating the membrane-bound NADPH oxidase. 28
Eicosanoids and the fatty acids of membranephospholipid pools
The complex inter-relationships of endotoxaemia and the production of arachidonic-acid derivatives have been reviewed by FlohC and G i e r t~.~' In shock, endotoxin brings about the release, either directly or through complement activities, of those pharmacologically active molecules ; these may give rise to vasodilatation and altered permeability (prostacyclin), alterations to platelets (thromboxane) and possible hepatotoxicity (leukotrienes).
Consequences of the altered membrane content of unsaturated fatty acids
The increased polyunsaturated content of membranes makes them more vulnerable targets for free radicals and thus may contribute to oxidative stress due to lipid peroxidation. Free radicals produced by either the enzymatic (lipoxygenase, cycloxygenase) or non-enzymatic peroxidation of membrane lipids may initiate further breakdown of the unsaturated fatty acids to give autocatalytic lipid peroxidation. 30 Moreover, products of the peroxidative process (oxygen and carbon-centred radicals, alkenals) are cytotoxic and may cause widespread tissue damage. 31 The fatty-acid and phospholipid composition of biological membranes plays an important part in regulating intracellular activities, such as passage of solutes, receptor-ligand interactions, microviscosity, protein and enzyme reactions. Changes in phospholipid and fatty-acid composition will, therefore, have a profound effect on cellular and subcellular events. Changes in fatty-acyl moieties of phospholipids towards greater unsaturation may accompany stimulation of certain cells (lymphocytes, macrophages) to a state of hyper-reactivity. Enzymes taking part in this process, e.g., acyl transferases, may be important products of gene expression after stimulation of the cell by cyto-kine^.^ Exchange of saturated fatty-acyl groups for unsaturated ones may lead to the increased
